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Biology and Impacts of Paciﬁc Island Invasive Species. 5.
Eleutherodactylus coqui, the Coqui Frog (Anura: Leptodactylidae)1
Karen H. Beard,2,5 Emily A. Price,3 and William C. Pitt 4
Abstract: The nocturnal, terrestrial frog Eleutherodactylus coqui, known as the
Coqui, is endemic to Puerto Rico and was accidentally introduced to Hawai‘i
via nursery plants in the late 1980s. Over the past two decades E. coqui has
spread to the four main Hawaiian Islands, and a major campaign was launched
to eliminate and control it. One of the primary reasons this frog has received
attention is its loud mating call (85–90 dB at 0.5 m). Many homeowners do not
want the frogs on their property, and their presence has inﬂuenced housing
prices. In addition, E. coqui has indirectly impacted the ﬂoriculture industry because customers are reticent to purchase products potentially infested with
frogs. Eleutherodactylus coqui attains extremely high densities in Hawai‘i, up to
91,000 frogs ha 1 , and can reproduce year-round, once every 1–2 months, and
become reproductive around 8–9 months. Although the Coqui has been hypothesized to potentially compete with native insectivores, the most obvious potential ecological impact of the invasion is predation on invertebrate populations
and disruption of associated ecosystem processes. Multiple forms of control
have been attempted in Hawai‘i with varying success. The most successful control available at this time is citric acid. Currently, the frog is established
throughout the island of Hawai‘i but may soon be eliminated on the other Hawaiian Islands via control efforts. Eradication is deemed no longer possible on
the island of Hawai‘i.
The Coqui frog, Eleutherodactylus coqui
(Thomas, 1966), is one of 27 reptiles and amphibians that have established in Hawai‘i,
where there are no native reptiles or amphibians (Kraus 2003). Eleutherodactylus coqui has
occurred on the four main Hawaiian Islands,
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though it is now mostly found on the island
of Hawai‘i. It is still increasing its distribution
on the island of Hawai‘i and has concerned
residents mostly because of its loud mating
call. Because E. coqui frogs from Hawai‘i
have already traveled to other locations (e.g.,
Guam), and it has invaded other parts of the
world (e.g., other Caribbean islands), it is important to know how E. coqui impacts the Hawaiian Islands and the state of management
of the E. coqui invasion.
name
Eleutherodactylus coqui (Thomas) is often referred to as the ‘‘Coqui,’’ which originates
from its distinctive call. The two-note call
consists of a ‘‘ko’’ and a ‘‘kee.’’ In Puerto
Rico, the frog is often referred to as ‘‘coquı́
común’’ ( Joglar 1998), which translates to
‘‘common Coqui,’’ because it is the most
abundant frog in Puerto Rico.
As the Latin meaning of the genus name
implies, Eleutherodactylus frogs have individual

This article is a U.S. government work, and is not subject to copyright in the United States.

297

298

(nonwebbed) toes. This genus is one of the
largest frog genera, with over 525 species
named, approximately 25% of which exist in
the West Indies (Townsend 1996).
Phylum Chordata, class Amphibia, order
Anura, family Leptodactylidae.
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interocular bar (Interocular bar); (3) a solid
or mottled design with no noticeably strong
clear stripes or dots (Unstriped); (4) a hairline
middorsal stripe (Thin stripe); (5) a wider
stripe than no. 4 (Wide stripe); and (6) two
red or light dorsolateral stripes (Dorsolateral
stripes). All of these color patterns, except
no. 1, are shown in Figure 1.

description and account of variation
Species Description

Distinguishing Features

Although larger than most other Puerto Rican Eleutherodactylus species, E. coqui is a small
frog. It is difﬁcult to generalize its exact size,
however, because like many of its other characteristics, body size is variable (Narins and
Smith 1986). For example, at 1,000 m altitude
in Puerto Rico, females have a mean snoutvent length (SVL) of 58 mm, and males a
mean SVL of 42 mm; at 450 m, females
have a mean SVL of 48 mm and males a
mean of 37 mm; and at 10 m, females average
36 mm and males 30 mm (Lopez 1999). Body
size has also been found to increase from west
to east in Puerto Rico (Fogarty and Vilella
2002).
Beard et al. (2008) measured 2,954 frogs at
eight sites on the island of Hawai‘i from 45 m
to 610 m and found that the lowest mean
SVL for a population was 32 mm for females
and 28 mm for males, and the highest mean
SVL for a population was 38 mm for females
and 30 mm for males. The largest female
found measured 49 mm, and the largest male
measured 39 mm. Similar to the frogs in
Puerto Rico, where females are around 29%
larger than males (Woolbright 1989), females
were 21% larger than males in Hawai‘i
(Beard et al. 2008). If there is a relationship
between SVL and elevation or longitude in
Hawai‘i, it is not discernible from the samples
collected to date (Beard et al. 2008).
There is considerable variation in color
and patterns between individuals. Some researchers have described a large number of
color patterns (e.g., Schwartz and Henderson
1991, Joglar 1998). Woolbright (2005) simpliﬁed these and described six color patterns
for frogs of the Luquillo Mountains of Puerto Rico: (1) an irregular set of round, light or
red polka dots on the back (Spotted); (2) an

The native Puerto Rican amphibian fauna is
dominated by 16 endemic species in the Eleutherodactylus genus. All are nocturnal and terrestrial, but E. coqui is the most abundant and
widespread. The species are distinguished
based on morphology and call. In addition,
the other Eleutherodactylus species are more
restricted in range and habitat; E. coqui is
found across the island and uses a broader
vertical distribution in the forest (from the
forest ﬂoor to the canopy) than other species
(Stewart and Woolbright 1996).
The species that E. coqui is mostly likely to
be confused with in Puerto Rico is E. portoricensis. Morphologically the species are similar;
however, E. portoricensis has a yellow or tan
body with silver or white eyes and a white
abdomen (Schwartz and Henderson 1991).
In addition, this species has a very similar
two-note call but with a slightly greater frequency (pitch) and shorter call timing (time
between calls). Unlike E. coqui, E. portoricensis
is restricted to high elevations.
Of the amphibian species that have been
introduced to Hawai‘i, E. coqui mostly resembles E. planirostris, the Cuban greenhouse
frog. Its distribution in Hawai‘i is not well
known, but it appears to be widespread
across all four main islands. Features that distinguish this species are its reddish brown to
brown body, reddish eyes, white abdomen,
more pointed nose, and toe shape. The toes
are long and slender, and the terminal disks
truncated (Conant and Collins 1991). Its call
is different than that of E. coqui; it produces
short, soft chirps. Finally, E. planirostris is a
tiny frog and typically grows to only 25 mm,
although it can be up to 36 mm (Conant
and Collins 1991, Schwartz and Henderson
1991).
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299

Figure 1. Stripe patterns in Eleutherodactylus coqui. (A) interocular bar, (B) dorsolateral stripes, (C ) wide middorsal
stripe, (D) narrow middorsal stripe, (E) unstriped, (F ) multiple stripe patterns. (Photographer: Eric M. O’Neill)

Combinations of physical traits important
for identifying E. coqui are as follows:
(1) Size: In Puerto Rico, SVL for males, 6
to 50.3 mm; for females, 6 to 63 mm
( Joglar 1998). In Hawai‘i, SVL for
males, 6 to 39 mm; for females, 6 to
49 mm.

(2) Body color: Undersides light gray and
upper sides gray or gray brown (Rivero
1998).
(3) Color pattern: In Puerto Rico, interocular bar, unstriped, a hairline middorsal stripe, a wide middorsal stripe, two
dorsolateral stripes, and combinations
of these. In Hawai‘i, interocular bar,
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narrow middorsal stripe, or unstriped
(Figure 1) (O’Neill 2008).
(4) Eye color: In Puerto Rico, gray or
golden, never white or silver (Rivero
1998). In Hawai‘i, golden, which appears most consistent with populations
on the eastern side of Puerto Rico
(E. M. O’Neill, pers. comm.).
(5) Foot features: Toes lack webbing but
possess well-developed pads.
(6) Disk size: Large relative to body size
(see Figure 1) (Schwartz and Henderson 1991, Joglar 1998).
economic importance and
environmental impact
Detrimental Aspects
Eleutherodactylus coqui has affected the ﬂoriculture industry and homeowners over the
past 10 yr in Hawai‘i (Kraus et al. 1999,
Kaiser and Burnett 2006). Direct economic
impacts include reduced proﬁts for plant
nurseries, increased costs to the ﬂoriculture
and nursery industry due to more stringent
regulations, and changes in real estate value
from increased noise pollution. Indirect economic impacts may also occur due to associated ecological changes.
Frogs are known to be spread through the
movement of plant materials. Flowers and
nursery product sales are the largest single
agricultural commodity for the state and account for 15% of Hawai‘i’s $621.6 million
agricultural output (Hawai‘i Agriculture Statistics Service [HASS] 2005). Nurseries that
harbor frogs have experienced decreased sales
due to the reluctance of consumers to purchase infested materials. In addition to decreasing sales, the increased costs to manage
frogs also affect nurseries. At least two nurseries have closed or relocated because of E.
coqui. Further, plant shipments have been refused entry or destroyed due to E. coqui by
import personnel.
The main public concern surrounding E.
coqui is noise nuisance (Figure 2). The call
exceeds noise levels set to minimize interference with the enjoyment of life (70 dB
[Department of Health, Hawai‘i Revised
Statutes Section 324F-1]). Long-term expo-

sure to a noise as loud as their call (85–90
dB at 0.5 m) is the equivalent of listening
to a lawnmower and may result in hearing
damage (Centers for Disease Control [CDC]
1998). Residents in Hawai‘i have reported
difﬁculties in sleeping and participating in
normal evening activities (Raloff 2003,
Beamish 2004, Aguiar 2006).
Eleutherodactylus coqui may lower property
values as potential buyers choose property
free from E. coqui calls or are unwilling to
pay as much for land that has frogs. The presence of E. coqui is now a part of the property
disclosure requirement for property sales on
the island of Hawai‘i. Kaiser and Burnett
(2006) evaluated the relationship of E. coqui
complaints and housing prices from 1995 to
2005 throughout the island of Hawai‘i. They
found that a complaint of frogs within 500 m
reduced property values by 0.16%, and complaints within 500–800 m from a property reduced values by 0.12%. When they projected
these effects over all residential properties, direct damages to property values were estimated at a minimum of $7.6 million (U.S.
dollars used throughout text).
Costs of managing frog populations have
been incurred by businesses and private landowners as well as county, state, and the
federal government. For public agencies, the
costs to assist in the management of frog
populations exceeded $4 million in 2007
(Hawai‘i Invasive Species Council [HISC]
2007). Little or no data are available on the
costs to businesses and landowners to manage
frog populations. Estimates to eradicate frogs
from the entire Hawaiian Island chain exceeded $80 million in 2006 (Hawai‘i Invasive
Species Council 2007).
On the island of Hawai‘i, where E. coqui is
not considered eradicable, control efforts are
now focused on treating small isolated populations to contain spread. The cost of current
E. coqui detection and control on that island
alone is $2.8 million annually, and it has
been estimated that it would cost another $6
million annually to reach a more desirable
level of detection and control; however, funding for this additional amount is not typically
available (Hawai‘i Invasive Species Council
2007).

Figure 2. Photograph of calling male taken in Hawai‘i. (Photographer: Rogelio Doratt)
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Beneﬁcial Aspects
Eleutherodactylus coqui is considered a national
symbol in Puerto Rico ( Joglar 1998), and it
appears extensively on tourist items. In addition, frogs are depicted in all kinds of art
forms, such as poems, songs, paintings, and
musical compositions ( Joglar 2003). There
are estimated to be over 500 businesses in
Puerto Rico that use the ‘‘Coqui’’ name,
from Internet service providers, garbage collection services, restaurants, to gas stations
( Joglar 2003).
Many in Hawai‘i think the species is a nuisance, but others are more positive about the
frog and have launched campaigns to save it
(Kraus and Campbell 2002, Gonzalez-Pagan
2007). In both Puerto Rico and Hawai‘i,
some people state that the call reminds them
of the countryside, and without the frog they
would not be able to sleep (K. Beard and E.
Price, pers. comm.). Because E. coqui are
commonly found living in human-dominated
landscapes, such as in homes and parks, they
may reduce unwanted invertebrates.
Regulatory Aspects
All species in the order Anura (frogs) are Hawai‘i State Injurious Species. It is prohibited
to release Injurious Species into the wild,
transport them to islands or locations within
the state where they are not already established, or export outside the state. It is also
illegal to intentionally transport, harbor, or
possess E. coqui within the state. In 2001, the
Hawai‘i Department of Agriculture designated E. coqui as a ‘‘pest’’ (Hawai‘i Department of Agriculture 150A-2, Hawai‘i
Revised Statutes). The rule change was required to provide the department with the
ability to mandate the treatment of E. coqui–
infested materials. Nurseries that are considered infested and/or whose plant shipments
have been found to be infested with the frog
are required to treat plants with citric acid
before any interisland shipment of plants.
Plant materials exported from Hawai‘i to
Guam require treatment to remove E. coqui
and a phytosanitary certiﬁcate before shipment.
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In 2007, the California Department of
Fish and Game placed E. coqui on the California restricted species list, which requires that
the species can only be possessed under a
permit (Duane Schnabel, pers. comm.). The
species restriction provides state and local
agencies with regulatory authority to inspect,
stop shipment, quarantine, and destroy the
species.
Environmental Impacts
Eleutherodactylus coqui has one of the highest
densities of any terrestrial amphibian in the
world. In Puerto Rico, densities have been
found to vary from site to site and decrease
with altitude from 45,000 frogs ha 1 at 30 m
to 2,500 frogs ha 1 at 750 m (Stewart and
Woolbright 1996). Thus, when E. coqui invaded Hawai‘i, there was much concern about
its environmental impacts (Kraus et al. 1999).
Because E. coqui is a generalist insectivore
with high densities, the most likely environmental impact will be through predation on
invertebrates and associated ecosystem disruption (Beard and Pitt 2005). This was of
concern before research was conducted in
Hawai‘i, because Stewart and Woolbright
(1996) found that E. coqui in Puerto Rico consumed an estimated 114,000 prey items/ha/
night. They also showed that E. coqui consumed a diversity of over 100 different prey,
mostly herbivorous invertebrates and some
leaf-litter and ﬂying invertebrates (Townsend
1985, Woolbright 1985).
Beard (2007) determined E. coqui diets at
sites on the islands of Hawai‘i and Maui, and
found that where they are occurring at
densities as high as 91,000 frogs/ha, E. coqui
could be consuming 690,000 invertebrates/
ha/night (Beard et al. 2008). Eleutherodactylus
coqui was found to consume mostly leaf-litter
invertebrates and some herbivorous and ﬂying invertebrates (Beard 2007). Primary prey
were ants, amphipods, and isopods, which
composed 30%, 22%, and 8% of the total
prey consumed, respectively (Beard 2007).
All individuals in these groups were identiﬁed
as nonnative, perhaps due in part to the nonnative vegetation characteristic of the areas
colonized.

Eleutherodactylus coqui, Paciﬁc Island Invasive Species . Beard et al.

Eleutherodactylus coqui in Hawai‘i does consume a wide diversity of prey, including:
Acari (7% of the prey items consumed), Collembola (10%), Gastropoda (2%), Diptera
(3%), and Coleoptera (5%) (Beard 2007). Between 52% and 60% of the species in each of
these groups (except Acari, which were not
identiﬁed to species) at the invaded study sites
were identiﬁed as possibly native, suggesting
that natives in these orders are vulnerable to
E. coqui predation. Sin et al. (2008) suggested
that E. coqui could reduce invertebrates in
Hawai‘i through direct predation.
A problem with diet analyses is that they
fail to reveal the indirect effects of predation.
For example, many of the invertebrates that
E. coqui consumes play important roles in
ecosystem processes, such as herbivory and
decomposition of plant material. In Puerto
Rico, herbivory rates were lower and plant
growth and leaf litter decomposition rates
were higher with than without E. coqui (Beard
et al. 2003). Eleutherodactylus coqui was also
found to increase the availability of nutrients,
namely nitrogen and phosphorus, in throughfall and leaf litter (Beard et al. 2002).
At two study sites in Hawai‘i, Sin et al.
(2008) found that herbivory rates were lower
and plant growth and leaf litter decomposition rates were higher with than without
E. coqui. They also identiﬁed the pathway
through which E. coqui has these effects: making nutrients more available to plants and
microbes rather than through changes in the
invertebrate community (Sin et al. 2008). In
other words, E. coqui increased leaf litter decomposition rates by producing excrement
rather than via consuming detritivores. Similarly, E. coqui increased plant growth rates by
producing excrement rather than by consuming herbivores. These results also suggested
that E. coqui has the potential to increase
nutrient cycling rates in Hawai‘i, which may
confer a competitive advantage to invasive
plants in an ecosystem where native species
have evolved under nutrient-poor conditions.
Other hypotheses regarding potential environmental impacts include E. coqui competing with other insectivores for prey, such
as endemic birds or the endemic Hawaiian
hoary bat (Kraus et al. 1999, Beard and Pitt
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2005). However, no data have been collected
to support or refute these hypotheses. In
addition, it has been proposed that E. coqui
may bolster introduced mammal populations,
which are known bird predators. Beard and
Pitt (2006) conducted diet analysis on mongoose and rat populations on the eastern side
of the island of Hawai‘i and found that E.
coqui made up a small or negligible part of
these small mammal diets. Finally, the current high density of frogs may increase the
risk of unwanted predators of frogs becoming
established, such as the brown tree snake.
geographical distribution
Eleutherodactylus coqui is native throughout the
island of Puerto Rico, except in Mona or
Desecheo ( Joglar 1998). Eleutherodactylus
coqui was introduced to Culebra and Vieques
(Rivero and Joglar 1979), the Dominican Republic ( Joglar 1998), and St. Thomas and St.
Croix, Virgin Islands (MacLean 1982) (Figure 3). The establishment of E. coqui in Louisiana (Rivero 1984, Dundee 1991) is said
to be a false report because it referred to a
pet that eventually died. Eleutherodactylus coqui
was introduced to Florida, probably to a botanical garden in Dade County in 1973, and
is thought to have disappeared from that area
in the late 1970s (Austin and Schwartz 1975,
Wilson and Porras 1983). Populations were
last reported in bromeliad nurseries in Dade
County, Florida, in 2000 (Meshaka et al.
2004).
Eleutherodactylus coqui was introduced to
the Hawaiian Islands in the late 1980s, probably around 1988 (Kraus et al. 1999, Kraus
and Campbell 2002). There is some debate
regarding whether E. coqui was ﬁrst introduced to the island of Hawai‘i or to Maui.
According to the Maui Invasive Species
Council, E. coqui was ﬁrst identiﬁed on Maui
in 1997, although there are reports of it being
there as early as the late 1980s. The Hawai‘i
Invasive Species Council reported that E.
coqui was ﬁrst documented on O‘ahu in 1998
and on Kaua‘i in 1999.
Since the initial introduction, E. coqui has
spread rapidly due to both accidental and intentional introductions. In 1998, there were

Figure 3. Map of dates of Eleutherodactylus coqui introductions (Austin and Schwartz 1975, Rivero and Joglar 1979, MacLean 1982, Rivero 1984, Joglar
1998, Kraus et al. 1999, Christy et al. 2007; Duane Schnabel, pers. comm.).
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ﬁve documented populations on the island of
Hawai‘i and three on Maui (Kraus et al.
1999). By 2001, there were over 200 populations on the island of Hawai‘i, 36 on Maui,
14 on O‘ahu, and two on Kaua‘i (Kraus and
Campbell 2002). The Big Island Invasive
Species Council has documented continuing
expansion of E. coqui range and new populations monthly. Between 2006 and 2007, E.
coqui expanded its range on the island of Hawai‘i from 2,800 ha to over 8,000 ha (Sin
2008).
At the time of writing, in part due to eradication efforts on Maui, O‘ahu, and Kaua‘i,
Maui has only a handful of populations and
one relatively large population at Māliko
Gulch; O‘ahu has no wild populations (populations outside of nurseries); and Kaua‘i has
only one small population. Islandwide eradication for these other islands is the focus and
is thought to be possible.
There are reports of E. coqui in infested
Hawaiian plant shipments that have reached
Guam (2003 and 2004) and California (2005)
(Campbell and Kraus 2002, Christy et al.
2007). In Guam, these introductions are believed to have been eradicated. There were
two reports of E. coqui captured outside of
nursery settings, but both individuals were
eliminated, and no E. coqui has been detected
subsequently (David Gee and Gordon Rodda,
pers. comm.). In California, there were conﬁrmed reports inside nursery greenhouses
and commercial nurseries open to the public,
but there were also unconﬁrmed outdoor reports at individual residences in the Los Angeles Basin (Duane Schnabel, pers. comm.).
Eleutherodactylus coqui frogs are thought to
still exist in California because local agencies
and the California Department of Fish and
Game continue to receive reports (Duane
Schnabel, pers. comm.). Dates of known introductions throughout the world are displayed in Figure 3.
habitat
Climatic Requirements and Limitations
The habitat or selection requirements of this
species have not been well studied, although
microhabitat use and behavior are well quan-
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tiﬁed. Eleutherodactylus coqui exists almost everywhere in Puerto Rico where there is high
humidity and adequate cover (Schwartz and
Henderson 1991). Its absence is especially
noted in the driest parts of the island (southwestern corner) and agricultural areas. Eleutherodactylus coqui is also found from sea level
to the highest peak in Puerto Rico, around
1,200 m.
Most populations in Hawai‘i are found in
lowland (0–500 m) forests on the eastern
side on the island of Hawai‘i, the largest area
of high precipitation (over 3,000 mm annually) (Price 1983). Eleutherodactylus coqui cannot survive on the highest peaks (4,200 m)
because of freezing temperatures, but their
elevational limit remains uncertain. The
highest-elevation populations are currently
around 1,200 m. There are habitats above
1,200 m that may be suitable in terms of forest cover, although precipitation starts to
decline at higher elevations (Price 1983).
Currently, it is unclear whether E. coqui frogs
are unable to establish at these higher elevations or whether they simply have not been
introduced there.
Habitat Resource Requirements and Limitations
The primary factor thought to limit E. coqui
in Puerto Rico is the amount of available
nest and retreat sites (Stewart and Pough
1983, Woolbright 1996). This was most
obviously observed after Hurricane Hugo in
Puerto Rico, when habitat structure on the
forest ﬂoor increased and was followed by a
large increase in E. coqui density (Woolbright
1991, 1996). Thus, areas with denser undergrowth support greater densities (Fogarty
and Vilella 2001). A highly signiﬁcant positive
relationship between the amount of understory habitat structure and E. coqui density
has also been found in Hawai‘i (Beard et al.
2008).
There is some support for the hypothesis
that E. coqui may be prey limited in Puerto
Rico. Beard (2001) found a positive relationship between E. coqui and invertebrate densities across study sites, and E. coqui reduced
some invertebrates at small spatial scales.
In addition, Woolbright (1989) found that
growth rates of males and females slowed
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down as they grew larger in the ﬁeld but not
in the laboratory, where prey was abundant.
However, support for the hypothesis that E.
coqui are prey limited in Hawai‘i is weak.
Beard et al. (2008) found a positive, although
not signiﬁcant, relationship between E. coqui
and invertebrate densities across study sites.
Eleutherodactylus coqui growth rates did not
differ in the ﬁeld and laboratory (Beard et al.
2008). In addition, E. coqui was found to avoid
less-preferred prey at some sites, even though
they consume these prey at other sites (Beard
2007), suggesting that at some sites they are
not prey limited.
Moisture has been found to greatly inﬂuence E. coqui behavior. In Puerto Rico, where
there is a great distinction between wet and
dry seasons, frogs are much more active in
terms of breeding (Townsend and Stewart
1994), foraging (Fogarty and Vilella 2002),
and movement (Woolbright 1985) during
the wet season. Many frogs, and especially
juveniles, do not even emerge on dry nights.
Other mechanisms used to reduce water loss
include selection of moist habitats as retreat
sites, and changes in postures to minimize
surface area exposed (Pough et al. 1983,
Townsend 1984).
Ecosystem and Community Types Invaded
As mentioned earlier, most populations in
Hawai‘i are found in lowland (0–500 m) forests on the eastern side of the island of Hawai‘i. Even though densities are highest in
forested habitats, E. coqui will readily use marginal habitats including human-altered ones,
even buildings and houses ( Joglar 1998). In
Hawai‘i, E. coqui populations have become established along roadsides and in nurseries,
residential gardens, resort areas, refuse areas,
and state parks. Most of the invaded habitats,
even the lowland forests and state parks, are
dominated by nonnative plants.
history
It is thought that E. coqui arrived in Hawai‘i
via nursery plants (Kraus et al. 1999), either
from Puerto Rico or Florida. This is assumed
because E. coqui ﬁrst appeared in nurseries in

Hawai‘i, and it had relatively stable populations in nurseries in Florida and Puerto Rico
around the time of introduction. Because
it appears that there are no longer any populations in Florida (Steven Johnson, pers.
comm.), it would be difﬁcult to determine genetically whether E. coqui came from Florida
or Puerto Rico. However, it is possible to
determine where these individuals may have
originated in Puerto Rico.
Velo-Antón et al. (2007) made the ﬁrst
attempt to determine the origin of E. coqui
in Hawai‘i. They did this by sequencing
cytochrome b of the mitochondrial DNA
(mtDNA) from 16 populations in Puerto
Rico and three in Hawai‘i. Across Puerto
Rico they found high levels of genetic variability, and two distinct clades, one in the
eastern region and the other in the centralwestern region of the island (5%–8% sequence divergence) (Velo-Antón et al. 2007).
These clades are associated with the two main
mountain ranges, and the level of divergence
is considered high for individuals in the same
species.
In contrast to Puerto Rico, no genetic
variability was observed among the three Hawaiian study populations located across the
southern part of the island of Hawai‘i (VeloAntón et al. 2007). This supports the idea that
this was an accidental introduction of only a
few individuals. Of the 11 individuals studied
across Hawai‘i, only one haplotype was
found. This haplotype revealed that the origins of the introduction were eastern Puerto
Rico and more speciﬁcally the area around
San Juan (where the primary ports are for
that island). However, the sampling in Hawai‘i in this study was limited, and more
intensive sampling is required to determine
whether other haplotypes are present, potentially representing other independent introductions.
Although genetic variation has been
studied using mtDNA (Velo-Antón et al.
2007), phylogeographic patterns in nuclear
markers have not yet been investigated.
Peters et al. (2008) described 13 microsatellite
loci that can be used to investigate nuclear
genetic structuring. These markers are currently being used by K.H.B. and colleagues
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to describe 13 populations in Puerto Rico and
15 populations across all four main islands in
Hawai‘i.
Color patterns have also been used to
investigate the origin and number of introductions into Hawai‘i. O’Neill (2008) investigated ﬁve stripe patterns in 12 populations in
Puerto Rico and 15 populations in Hawai‘i
(Figure 1). In Puerto Rico, most populations
had all stripe color patterns, with Unstriped
as the most common pattern. In Hawai‘i, 14
of 15 populations had only two stripe patterns (Unstriped and Thin stripe), and a single population on Maui, Māliko Gulch, had
two stripe patterns (Unstriped and Interocular bar) but not the same two as elsewhere in
Hawai‘i. Although genetic analyses have not
been completed across the Hawaiian Islands,
this suggests that there may have been a separate introduction into Maui.
physiology and growth
As in other Eleutherodactylus, fertilized eggs of
E. coqui undergo direct development, meaning that there is no free-living tadpole phase
and complete metamorphosis occurs within
the egg (Townsend and Stewart 1985, 1994).
Young hatch as tiny froglets (Townsend and
Stewart 1985). Males stay with the froglets
for a few days after they emerge (Townsend
and Stewart 1994).
Because E. coqui has direct development
and is readily available, it has been the focus
of much developmental research (Callery
et al. 2001, Elinson 2001). The 15 development stages from fertilization to hatchling
were described by Townsend and Stewart
(1985); subsequent research focused on how
its development differed from that of species
that experience metamorphosis. Some of
these studies illustrated the similarities between direct and indirect developers (Callery
and Elinson 2000), and others described differences (e.g., Hanken et al. 2001, Buchholz
et al. 2007). Because E. coqui has male parental care, there has also been a lot of interest
in the physiological triggers associated with
this (Townsend and Moger 1987, Townsend
et al. 1991, Ten Eyck 2005).
Development rates decrease at higher
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altitudes due to lower temperatures. At 350
m elevation in Puerto Rico, Townsend and
Stewart (1986b) observed a strong relationship between development period of egg
clutches in E. coqui and mean daily ambient
temperature. Development period shortened
by 10 days with a 4 C increase in mean
temperature (Townsend and Stewart 1986b).
When the relationship between development
rate and daily temperature for E. coqui was
compared with that of other anurans, E. coqui
exhibited unusual sensitivity to temperature
(Townsend and Stewart 1986b).
Heart rate and oxygen consumption of E.
coqui changes through egg development and
as the frog grows. At temperatures of 24–
25 C, heart rate ranges between 50 and 130
beats min 1 during development and between
80 and 85 beats min 1 in large adult frogs
(Burggren et al. 1990). Similarly, at temperatures of 24–25 C, oxygen consumption is
between 2 and 12 mmol/g/hr during development, and for adults typically between 4 and
6 mmol/g/hr (Burggren et al. 1990).
Amphibians, in general, are energy efﬁcient, and E. coqui is no different. At 350 m
elevation in Puerto Rico, Stewart and Woolbright (1996) estimated that E. coqui constitutes 6:0  10 4 kJ/ha in biomass, consumes
1:1  10 6 kJ/ha/yr, excretes 1:6  10 5 kJ/ha/
yr, respires 3:9  10 5 kJ/ha/yr, and uses
5:6  10 5 kJ/ha/yr for new production.
Thus, conversion (production/assimilation)
efﬁciencies were around 60%, which is typical for amphibians.
Adult growth rates in the ﬁeld were determined at 350 m elevation in Puerto Rico and
across eight different elevations on the island
of Hawai‘i, thus caution should be used when
comparing these rates. Using the equation for
the relationship between SVL and growth
rates presented in Woolbright (1989), Beard
et al. (2008) found that male frogs in Hawai‘i (on average 29 mm) grow more slowly
(around 0.008 mm/day) than would be predicted for similar-sized frogs in Puerto Rico
(around 0.02 mm/day), and that females of
similar size (on average 35 mm) grow more
slowly in Hawai‘i (around 0.01 mm/day)
than those in Puerto Rico (0.07 mm/day)
(Woolbright 1989).
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reproduction and population
dynamics
Most of the following data on reproduction is
from Puerto Rico at an elevation of 350 m.
During the day, individuals use diurnal retreats near the forest ﬂoor (e.g., fallen, curled
leaves, or belowground retreats typically in
rocks). Individuals emerge from the retreats
at dusk to forage and reproduce. Preadult
males and females often forage in the canopy
at dusk (Stewart 1985, Schwartz and Henderson 1991). Females approach calling males,
which are often found closer to the forest
ﬂoor; the males then lead the females to their
retreat sites (nests) where amplexus occurs
(Townsend and Stewart 1986a). Mating success of males is directly related to call effort
(Lopez and Narins 1991, Townsend and
Stewart 1994). Calling is energetically costly;
males lose 16% of potential food consumption
due to calling (Woolbright and Stewart 1987,
Schwartz and Henderson 1991) and presumably expend additional energy generating
their intense calls (Taigen and Wells 1985).
Maximum male calls occur between dusk
and midnight with a strong secondary peak
at dawn. Calling ramps up quickly at dusk
and reaches full strength within a half hour
of darkness (Woolbright 1985, Stewart
1995). Male frogs use the ‘‘ko’’ part of the
call to interact with nearby males and the
‘‘kee’’ part to attract females. Thus, frogs
can be heard calling with repeats of ‘‘ko’’ or
‘‘kee’’ as opposed to the more typically heard
‘‘ko - kee.’’ The message conveyed depends
on the repetition, intensity, and combination
of notes (Stewart and Bishop 1994). Male aggressive calls are most often heard when the
frogs move in and out of their retreat sites
and are thought to aid in spacing (Stewart
and Rand 1991). Both males and females call
to defend their territory, but the females produce a softer rasping sound different than the
two-note call of males (Schwartz and Henderson 1991, Stewart and Rand 1991, Joglar
1998).
In Puerto Rico, males will call between 1
and 15 m off the forest ﬂoor (Rivero 1998).
Males often call from open, elevated perches,
especially leaf surfaces, axils of palms, and

tree trunks, located around 1–1.5 m from
the forest ﬂoor (Townsend 1989). Similarly,
adult males collected across nine sites on the
island of Hawai‘i and two sites on Maui were
found on average 0.9 m off the forest ﬂoor
and on open, elevated surfaces, mostly leaves
and trunks (Beard 2007).
In Puerto Rico, male calls vary with altitude (Narins and Smith 1986). Narins and
colleagues found the following correlations
with altitude: negative with frequency (pitch)
of each note, positive with the length of each
note, and positive with call timing (time between calls) (Narins and Smith 1986, Lopez
and Narins 1991, Narins 1995). These relationships may be a result of size differences
among conspeciﬁcs at different elevations
(Blair 1964) or temperature differences (Narins and Hurley 1982, Pough et al. 1998).
The species utilizes internal fertilization
(Townsend et al. 1981), and the fertilized
eggs undergo direct development (as described earlier) (Townsend and Stewart
1985, 1994). Oviposition occurs within a few
hours of insemination (Townsend and
Stewart 1986a). Clutches contain about 28
eggs (range 16–41) (Townsend and Stewart
1994). Larger females lay more eggs than
smaller females and larger males have more
clutches than smaller males (Schwartz and
Henderson 1991). Males guard the eggs,
which hatch after 17–26 days, from water
loss and predators (Taigen et al. 1984, Townsend 1989, Townsend and Stewart 1994).
As young frogs develop, they utilize habitats higher from the forest ﬂoor to forage. It
requires around 8–9 months for frogs to
attain sexual maturity (Stewart and Woolbright 1996), typically categorized as >25
mm SVL (Woolbright 2005). Eleutherodactylus coqui frogs reproduce year-round. Males
breed close to monthly, and females breed
about once every 2 months (Townsend and
Stewart 1994). Annual mortality for preadults
appears to be about 80%, and >90% for
adults, with most individuals in the wild not
likely living beyond 2 yr, with a maximum
life expectancy of 6 yr (Stewart and Woolbright 1996).
Density is typically determined by marking
adult frogs (Woolbright 2005), and thus
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density estimates of adults are more accurate
than total frog density. Long-term mean
adult frog estimates from Puerto Rico range
from 1 to 33/100 m 2 (Stewart and Pough
1983, Woolbright 1991, Stewart and Woolbright 1996, Fogarty and Vilella 2002). Two
studies have estimated density in Hawai‘i.
Woolbright et al. (2006) estimated density at
two study sites in the southeast of the island
of Hawai‘i for 2 yr, and Beard et al. (2008) estimated densities at those two sites and six
others across the island for 3 yr. Woolbright
et al. (2006) found higher densities at Lava
Tree State Park (74–118 adults/100 m 2 ) than
at Pū‘ainakō site (34 adults/100 m 2 ). Beard
et al. (2008) found variability across sites
with densities ranging from 11 to 112 adults/
100 m 2 .
When calculating total density, and not
just adult density, Woolbright et al. (2006)
found that Lava Tree had 28,000–89,000
frogs/ha. Beard et al. (2008) found that total
density ranged from 2,200 to 50,000 frogs/ha
across the eight study sites over the 3 yrs.
At four of the eight study sites, total frog
densities were at least 1.7 times greater
(35,000 frogs/ha) (Beard et al. 2008) than
mean long-term estimates for the eastern
mountains of Puerto Rico (20,570 frogs/ha;
elevation 350 m) (Stewart and Woolbright
1996). The highest total density estimate was
for Manukā State Park in 2004, where densities were estimated to be 91,000 frogs/ha
(Beard et al. 2008).
response to management
Chemical Control
Chemical control is one of the few methods
that has proven to be cost effective in controlling frogs over a large area (Campbell and
Kraus 2002). Several chemicals are effective
frog toxicants, but citric acid is the only
chemical that can be used legally for controlling Eleutherodactylus frogs in Hawai‘i at this
time. The primary drawback of current
chemical control methods is the need for the
chemicals to contact frogs directly, and repeated applications may be necessary to ensure that all frogs and eggs are eliminated
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(Pitt and Sin 2004a, Pitt and Doratt 2005,
Tuttle et al. 2008).
Citric acid is classiﬁed as a minimum-risk
pesticide and is exempt from the requirements of FIFRA by regulation (40 CFR Section 152.25). A 16% citric acid solution (Pitt
and Sin 2004a), and then later an 8% citric
acid solution (Pitt and Doratt 2006a), was
found to be effective at controlling frogs in
the laboratory, although its effectiveness may
vary with environmental conditions and the
physiological status of the frogs (Pitt and
Sin 2004a). In ﬁeld operations a citric acid
solution as low as 11% has been effective in
ground and aerial-based applications (Tuttle
et al. 2008). Citric acid is not known to affect
most nontarget arthropod invertebrates (Pitt
and Sin 2004b). However, citric acid may
result in some phytotoxic effects (e.g., pale
spots on leaves) and may not be appropriate
for all greenhouse plants (Figure 4) (Pitt and
Sin 2004d ). Due to these potential phytotoxic
effects and relatively high cost (@$0.26/liter)
citric acid may not be suitable for all situations.
In 2006, laboratory and ﬁeld trials showed
that endosulfan (Thionex 3EC), a restricteduse pesticide, was a highly effective frog toxicant that could be used to control frogs in
ﬂoriculture and nursery areas (Pitt and Doratt 2006a,b). Endosulfan is an organochlorine
insecticide that is widely used as a broadspectrum insecticide. Laboratory results determined that a 0.25% solution was an effective concentration resulting in 97% frog
mortality after 24 hr of initial exposure, and
ﬁeld trials conducted in a commercial greenhouse showed 60% decline in frog abundance
within 48 hr after treatment application and
minimal phytotoxic effects on multiple varieties of orchids and different ornamental
plants. Endosulfan-based pesticides may only
be used in greenhouses and must be applied
by a certiﬁed pesticide applicator.
Both a 2% caffeine solution and a 6%
hydrated lime solution have been found to
be effective frog toxicants in both laboratory
and ﬁeld settings, and have been shown to
have minimal nontarget effects on arthropods
(Campbell 2001, Pitt and Sin 2004c, Pitt and
Doratt 2005). Caffeine was only legal for use
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Figure 4. Photograph of Eleutherodactylus coqui on a leaf that has been treated with citric acid and is showing
phytotoxic effects. (Photographer: Lori Oberhofer)

from October 2001 to September 2002 and
was only used for registration and testing; it
was never used operationally. Hydrated lime
was legal for use from April 2005 to April
2008. Homeowners preferred hydrated lime
over citric acid because of its lower cost of
application (@$0.02/liter). However, hydrated lime persists as a white residue of calcium oxide on plants for several weeks, which
is not a desirable feature in ﬂoriculture. At
the time of writing, both caffeine and hydrated lime are no longer registered for use
to control frogs.
Mechanical Control
Several mechanical control techniques have
been evaluated for use in quarantine operations, nursery production, and for nonproduction areas. These techniques include hot
water treatments, habitat management, handcapture, traps, and barriers.
Hot water or vapor heat treatments are an
effective method for eliminating frogs and
their eggs from potted plants for quarantine.

Hot water applied as a spray at 45 C for 3
min achieved up to 100% mortality (Arnold
Hara, College of Tropical Agriculture and
Human Resources, University of Hawai‘i
[CTAHR, UH], unpubl. data). In addition,
vapor heat (45 C, 90% humidity) was also effective. Orchids and bromeliads are sensitive
to these heat treatments; this approach may
not be preferred for high-value plants (Arnold Hara, CTAHR, UH, unpubl. data).
Habitat management may reduce the density of frog populations and reduce the likelihood that frogs will invade. Frog densities are
typically higher in dense vegetation (Beard
et al. 2008). Removing plants and dense vegetation, which can be focused on nonnative
species, will likely reduce the number of frogs
from a given area (Beard et al. 2008). Capturing individual frogs is effective only when
a small number of frogs are present, all
frogs can be located, and repeated attempts
to capture animals are made (Beard 2001).
Typically only adult males call; locating all
pre-adults, females, and egg masses is challenging. Hand capture is a good option when
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the ﬁrst one or two frogs appear in an area
and they have not bred successfully.
Several barriers and traps have been developed and tested for frogs in Hawai‘i. Traps
made of bamboo or PVC pipe that provide
refugia or nest sites for males have had limited effectiveness in capturing frogs, and they
must be monitored regularly or they will
encourage breeding (Sugihara 2000). These
traps may be most effective if there are a
small number of frogs and few natural retreat
sites. A trap containing several calling males
was effective at attracting females but did not
trap many frogs. These traps might work best
in a small, enclosed area, such as a greenhouse. Barriers made of ﬁne ﬂexible mesh to
exclude frogs from quarantine areas are currently being investigated. Barriers would not
eliminate frogs, would require maintenance,
and could only be implemented on a small
scale. The Hawai‘i Department of Agriculture has been successful in excluding frogs
with a simple barrier from small areas. Barriers may be most effective in greenhouses or
quarantine areas.
Biological Control
Few biological control efforts for vertebrate
pests have been successful (Hone 1994), and
there appears to be no prospect for timely
development of useful biological control
technology for control of E. coqui. Even if an
introduced predator or parasite were to reduce the density of E. coqui, this measure
might not reduce the frogs to a reasonable
level for residents and could have many unintended consequences for export businesses.
Unfortunately, the most frequently cited
disease organisms [such as the iridovirus or
the chytrid fungus Batrachochytrium dendrobatidis (Bd)] have a low potential for controlling
E. coqui in Hawai‘i, primarily because viruses
and diseases are most effective when applied
to small populations of species with low
reproductive capacity (Brauer and CastilloChavez 2001, Daszak et al. 2003). In addition,
most major frog diseases infect tadpole stages
(Daszak et al. 2003), which E. coqui does not
have. Bd has contributed to amphibian declines globally, and introduction of Bd has
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been suggested for Hawai‘i, where there are
no native frogs. However, E. coqui is relatively
resistant (Carey and Livo 2008), and there is a
chance that an infected frog could be transported to other states or countries (Beard
and O’Neill 2005), which could affect frog
populations elsewhere and restrict trade.
natural enemies
Most predation research on E. coqui has been
conducted in its native range. Snails, ﬂies, and
E. coqui prey on E. coqui eggs in Puerto Rico
(Schwartz and Henderson 1991). Anoles,
skinks, other lizards, and invertebrates, such
as crabs, crab spiders, wolf spiders, and whip
spiders, prey upon young E. coqui (Stewart
and Woolbright 1996). Larger frogs are less
likely to be preyed upon by spiders because
their increased body size enables them to
more easily escape their captors (Formanowicz et al. 1981). Birds, such as owls, hawks,
and thrushes, as well as snakes often prey on
adult E. coqui (Stewart and Woolbright 1996,
Joglar 1998). Mongooses and domestic cats
also prey on E. coqui ( Joglar 1998).
Although birds, invertebrates, and introduced mammals prey on E. coqui, none has
been found to control their populations (Reagan and Waide 1996). One of the suspected
reasons for higher densities of E. coqui in Hawai‘i is the lack of native predators and direct
competition. The high density of E. coqui in
Puerto Rico suggests that E. coqui in Hawai‘i
would likely be very abundant even with
predators, competitors, and parasites. Beard
and Pitt (2006) conducted diet analyses on
mongooses, black rats, Polynesian rats, and
cane toads on the eastern side of the island
of Hawai‘i. They found that E. coqui was not
part of the diet of either rat species or the
cane toad and made up only a small part of
the mongoose diet. These ﬁndings are supported by studies done in Puerto Rico (Dexter 1932, Willig 1996, Vilella 1998).
There has also been some research on the
parasites of E. coqui. Goldberg et al. (2007)
described four helminth species found in E.
coqui in Puerto Rico, but these species were
not found in Hawai‘i frogs. The parasites in
Hawai‘i included Cosmocera sp. (57% fre-

PACIFIC SCIENCE . July 2009

312

quency in frogs collected), Physocephalus sp.
(1%), and the trematode Mesocoelium monas
(0.4%). Another study on parasites in E. coqui
also found none of the same species of parasites on frogs in Puerto Rico and Hawai‘i,
with E. coqui in Hawai‘i host to Cosmocera sp.
and one species of Acanthocephala (Marr
et al. 2008). The only species of parasite or
pathogen in common in Puerto Rico and Hawai‘i thus far is Bd (Burrowes et al. 2004,
Beard and O’Neill 2005).
prognosis
Eleutherodactylus coqui populations are widespread throughout the island of Hawai‘i and
complete eradication throughout the state of
Hawai‘i likely cannot be accomplished with
current methods and available monetary resources. Small populations in residential or
high-value ecological areas can be removed
with effort, relatively modest resources, and
currently available techniques. In addition,
the effects of frogs where they are established
and widespread can be minimized by managing vegetation, reducing populations with
legal pesticides, and minimizing reinvasion.
The spread of frogs to new areas can be
avoided with good management techniques,
such as inspecting and treating cargo and
plant materials, using barriers, and not transporting material that is known to be infested.
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